In Vitro Studies on Pigmentation I. The Oxidation of Tyrosine by Ultraviolet Irradiation1 by Rothman, Stephen
IN VITRO STUDIES ON PIGMENTATION
I. THE OXIDATION OF TYROSINE BY ULTRAVIOLET IRRADIATION'
STEPHEN ROTHMAN, M.D.
Chicago, Ill.
(Received for publication September 13, 1941)
INTRODUCTION
The pigments in the tegument of invertebrates and lower vertebrates are
formed by the action of the enzyme tyrosinase. According to Raper (1) tyro-
sinase oxidizes tyrosine to melanin in the following way: The first step is the
formation of 3-4 dihydroxyphenylalanine, or by abbreviation, dopa. Tyrosine,
which is para-monohydroxyphenylalanine, is converted into its catechol deriva-
tive with two OH groups in ortho-position to each other.
(CH2 .CHNH2 .COOH HO("CH2 . CHNHS . COOn
HO HO
tyrosine dopa
The second essential step is the formation of indole derivatives. The alanine
side chain forms a pyrrol ring which is condensed with the benzene ring to indole.
HO("CH2 .CHNH2 .COOH HO(_-CH2
HO/J HOJ\.\,iCH. COOn
NH
dopa 5-6 dihidroxy-2-3 dihidro-indole-2
carboxylic acid
Indole compounds are found in the urine of patients suffering from malignant
tumors. It may be noted that these compounds may originate from tyrosine (2).
The final step in melanin formation by tyrosinase is some kind of agglomera-
tion of indole nuclei to the water-insoluble dark melanin granules. The nature
of this agglomeration is still unknown.
The tyrosinase enzyme never had been conclusively demonstrated in the skin
of mammals. Since 1917 it has been assumed by Bloch (3) that the immediate
precursor of melanin in mammalian skin is dopa which is oxidized to melanin
by a specific intracellular oxidase, dopa-oxidase or dopase, present only in nor-
1 From the Section of Dermatology of the Department of Medicine, and the Department
of Pharmacology, University of Chicago. Read before the Fourth Annual Meeting of the
Society for Investigative Dermatology, Inc., Cleveland, Ohio, June 3rd, 1941. This work
was aided by grants from the Commonwealth Fund, New York, and the Dr. Wallace C.
and Clara A. Abott Memorial Fund of the University of Chicago.
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mal functioning melanoblasts. This theory was based on Bloch's microscopic
dopa reaction which was shown to be a specific enzymatic process (3).
The findings of Bloch were in suggestive accord with all facts in the physiology
and pathology of the pigmentation process, and the dopa reaction proved to be
an excellent indicator of the potential capacity of pigment formation in single
cells. However, the questions remained unsettled as to where the substrate, the
dopa, may originate, whether it originates from tyrosine in the skin, in the blood
or in other tissues. Also, Bloch's theory did not give satisfactory explanation
for the role of pigmentogenic stimuli such as sunshine. The microscopic dopa
reaction indicated that only two factors are necessary for pigment formation:
the substrate and the enzyme which is always present in an active form in the
melanoblasts. On the other hand, in studies from Bloch's laboratory (4) it
was claimed that pigmentogenic stimuli "activate" the enzyme. Obviously
this was an inconsistent interpretation.
In 1923 it was demonstrated (5) that in man free tyrosine disappears from the
blood serum subsequent to sunshine exposure and that this decrease of serum-
tyrosine is directly proportional to the intensity of pigmentation. This finding
supported the assumption that in mammals, too, the primary precursor of
melanin is tyrosine, despite the lack of tyrosinase. It seemed that tyrosine
was taken up from the blood stream by the skin and oxidized to melanin if
pigmentogenic stimuli were applied to the skin.
In 1937 Arnow (6) demonstrated the formation of dopa by exposure of tyrosine
solutions to ultraviolet irradiation. It seemed that on the basis of this finding
the pigmentation of human skin by sunshine might be interpreted satisfactorily
as follows: Tyrosine is oxidized to dopa by sunshine and dopa is oxidized to
melanin by the dopa-oxidase.
However, in repeating the experiments of Arnow in our laboratory and in
confirming his results, it was found that a conspicuously long irradiation time
was needed in order to demonstrate the catechol compound which was identified
as dopa by Arnow in irradiated tyrosine solutions. Measuring the amount of
ultraviolet light in biologic units, namely in threshold erythema doses, doses
causing slightest visible erythema and slightest subsequent pigmentation in
human skin, it was found that with the mercury vapor lamp 15 to 20 such doses
were needed to obtain a questionable catechol reaction, An amount of dopa
which could be estimated quantitatively was obtained only after application of
24 threshold erythema doses. With a carbon arc lamp ("C" therapeutic
carbons) the biological pigment forming effect of which was more than twice
as strong as that of a mercury lamp, the formation of dopa from tyrosine could
not be demonstrated at all, even after application of 100 such doses.
Obviously the slow oxidation of tyrosine by ultraviolet radiation could not
stand as a satisfactory model for the biological process of dopa and subsequent
melanin formation in human skin unless this oxidation was accelerated by cata-
lysts occurring in living tissues.
It was found in our laboratory that ferrous salts represent such catalysts.
In this paper experiments on this catalyzed oxidation of tyrosine will be reported
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with special regard to its relation to the pigmentation of human skin by ultra-
violet rays.
EXPERIMENTS2
Methods
Aqueous solutions of tyrosine (Pfanstiehl) containing 50 mgm. per 100 cc.
were irradiated with a cold quartz mercury lamp in fiat dishes. The lamp was
suspended above the dishes at 10 inches distance. The dishes, 4 inches in
diameter, were placed in a water bath kept constantly at 38°C. The evapora-
tion of water during irradiation was corrected immediately after irradiation by
completing the volume of the solutions to the original volume of 25 cc. The
hydrogen ion concentration was controlled with Coleman's pH electrometer.
In the experiments reported in this paper ferrous ammonium sulfate was used
as catalyst in 1:1000 final concentration. In all experiments in which compara-
tive values were obtained the samples to be compared were always irradiated
simultaneously, and duplicate samples of each were used for parallel estimations.
The concentration of tyrosine and of dopa was estimated colorimetrically
in Evelyn's photoelectric colorimeter. The colorimetric estimation of tyrosine
is based on a modified Millon's reaction, that of dopa on a catechol color reaction,
both described by Arnow (7). The estimation of melanin was worked out in
our laboratory by calibrating the colorimeter with a purified preparation of
melanin prepared from tyrosine. The limit of error with these methods was
found to be around 5 per cent which was 20 to 100 times less than the differences
in the experiments to be discussed here.3
Results
By admixture of ferrous salts to tyrosine solutions the formation of dopa by
ultraviolet radiation is accelerated to such a degree that it possibly serves as a
model of the biological formation of dopa and of melanin by sunshine in human
skin. With 3 threshold erythema doses (which is still less. than a full erythema
dose) measurable amounts of dopa are obtained if ferrous salts are present
(table 1).
Samples of tyrosine-ferrous salt mixtures irradiated with 1 to 3 erythema doses
yield no melanin. However, keeping such samples in the dark after irradiation,
increasingly measurable amounts of melanin are formed (table 2).
In this way the in vitro experiments simulate the latent period of pigment
formation by sunshine in human skin.
The late melanin formation occurs for the most part at the expense of dopa
which has been formed during irradiation. With increasing melanin concentra-
tion the dopa concentration decreases. Late melanin formation is particularly
intensive if the exposure to light is a short one. Larger doses cause immediate
melanin formation with a relatively smaller "after effect" (table 3).
2 See Preliminary Report in Proc. Soc. Exp. Biol. a. Med., 44: 485, 1940.
8 J am greatly indebted to Dr. Jules Last of the Department of Pharmacology for his
help in familiarizing myself with these methods.
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In a few instances also a slight decrease of tyrosine with increase of dopa
can be observed within 1 to 2 hours after irradiation. This peculiar "after
effect" of ultraviolet irradiation on the tyrosine oxidation may be due to the
formation of rather stable peroxides (table 4).
TABLE 1
Catalysis of dopa formation from tyrosine by ferrous salts
IP1ADIATION DOPA, MGL/100 cc.
Mm. E. D. With Fe Without Fe
10
20
30
40
60
90
120
3
6
9
12
18
24
36
2.2
3.5
4.4
4.4
None
None
None
None
?
2.2
2.5
TABLE 2
Melanin formation in the dark after irradiation of tyrosine-ferrous salt mixtures
Irradiation time 5 minutes
MELANIN
Immediately after irradiation
7 hours later
24 hours later
micrograms/100 cc.
None
22
44
TABLE 3
Late formation of melanin at the expense of dopa
IRRADIATION TIME (MiN.)
30 60 15 30 60
Dopa (milligram/100 cc.) Melanin (micrograms/100 CC.)
Immediately after irradiation
2 hours later
24 hours later
2.7 4.9 6.6
2.4 3.8 6.0
1.8 2.6 4.9
26 48 78
62 70 77
In tyrosine-ferrous salt mixtures the dopa concentration increases with con-
tinued radiation to a certain maximum: under our experimental conditions to
about 6 mgm. per 100 cc., if 50 mgm. per 100 cc. tyrosine solutions are irradiated.
Later, despite continued radiation, the dopa concentration remains unchanged
because dopa formation and oxidation of dopa to melanin keep balance with
each other; or, the dopa concentration decreases because more melanin than
dopa is formed (table 5).
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In long-lasting irradiation experiments it was found that in spite of a steady
decrease of the tyrosine concentration the amount of melanin produced does
not exceed a certain maximum (table 6).
TABLE 4
After-effect on tyrosine, dopa and melanin
Irradiation time 25 minutes
AFTER IRRADIATION TYROSINE DOPA NELANIN
hours
1
2
20
mgm. per cent
33.7
32.0
31.2
mgm. per cent
4.0
4.2
3.2
y/lOO cc.
48
82
TABLE 5
Loss of dopa by continued irradiation
IRL'DIATI0N TThE DOPA
minutes
25
50
60
70
ongm. pe, cent
3.4
5.7
5.3
4.7
TABLE 6
No increase of melanin in spite of tyrosine decrease
IRRADIATION TYROSINE SEELANIN
hours
3
5
78
10
mgm. per cent
37.2
8.0
2.7
-y/JOO cc.
260
260
227
250
274
TABLE 7
Destruction of pure melanin by irradiation
MELANIN
I. Before irradiation
After 2 hours irradiation
After 3 hours irradiation
II. Before irradiation
After 3 hours irradiation
-,/100 cc.
274
210
204
70
46
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This is due to a decomposition of melanin by continued radiation into lighter
colored or colorless soluble products as shown in experiments with purified
melanin suspensions.
Melanin precipitate won from tyrosine by ultraviolet irradiation in the pres-
ence of ferrous salts was washed with water by repeated centrifugation until
the wash water did not show qualitative reactions of tyrosine, dopa and ferrous
ion. Irradiation of watery suspensions of such purified melanin preparations
resulted in a steady decrease of the melanin (table 7).
COMMENT
Ultraviolet radiation acts on tyrosine in the presence of ferrous salts similarly
to tyrosinase in every detail. This fact indicates the possibility of melanin
formation from tyrosine by ultraviolet radiation in human skin without the
presence of tyrosinase. On the basis of the results reported here the following
scheme of pigment formation may be assumed for lower species and for mammals
respectively:
Tyrosinase TyrosinaseLower Animals: Tyrosine Dopa —> Melanin
U.V.L.-non-specific catalysts DopaseMammals: Tyrosine —* Dopa —---÷ Melanin
The decrease of melanin concentration by continued ultraviolet radiation
(apparently an oxidation of melanin into lighter-colored or colorless soluble
products) indicates for clinical actinotherapy that after maximal pigmentation
has been reached, continued irradiation does not produce a static but a dynamic
equilibrium in which pigment formation and decomposition are kept in balance.
This statement confirms the old postulate in actinotherapy that after the patient
is tanned to a maximum by sunshine or by artificial light sources, further irra-
diation must have some biologic effect although most of the effective ultraviolet
radiation is absorbed by melanin (8). The beneficial effects of ultraviolet rays
in tuberculosis of the skin, lymph glands, bones and joints are still in progress
after the patient has been tanned to a maximum degree (9). It seems to be
unnecessary to stop actinotherapy intermittently by so-called "depigmentation
periods," as recommended by some authors (10, 11) because the biologic effect
of the rays continues after maximum pigmentation has been reached. There
is dissolution and new formation of melanin.
SUMMARY
The oxidation of tyrosine to melanin by exposure to ultraviolet radiation in
presence of ferrous salts possibly serves as a model of pigment formation by
sunshine in human skin. Measurable amounts of dopa are formed by thera-
peutic doses of ultraviolet. Melanin formation follows after a latent period
comparable to that of pigment formation by sunshine in humans. Under the
experimental conditions described, the concentration of dopa may reach of the
original tyrosine concentration as a maximum. Continued irradiation of tyrosine-
ferrous salt mixtures leads to a dynamic equilibrium in. which formation and
decomposition of melanin are kept in balance. This finding indicates that ultra-
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violet radiation may have biological effects in patients who are already tanned
to a maximum.
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In a previous communication (1) experiments were reported which indicated
that there is a close similarity in melanin formation from tyrosine by tyrosinase
and by ultraviolet radiation. The same similarity could be observed concerning
the influence of ascorbic acid on these processes.
EXPERIMENTS2
Methods
The methods for estimation of tyrosine, dopa and melanin, and the experi-
mental conditions of ultraviolet irradiation were those described in the previous
communication (1).
1 From the Section of Dermatology of the Department of Medicine, and the Department
of Pharmacology, University of Chicago. Read before the Fourth Annual Meeting of
the Society for Investigative Dermatology, Inc., Cleveland, Ohio, June 3, 1941. This work
was aided by grants from the Commonwealth Fund, New York, and the Dr. Wallace C. and
Clara A. Abott Memorial Fund of the University of Chicago.
See Preliminary Report in Proc. Soc. Exp. Biol. a. Med., 45: 52, 1940.
